Background: Insertion force has been shown to significantly reduce chondrocyte viability during osteochondral allograft transplantation. How graft size influences the required insertion force and chondrocyte viability has yet to be determined.
) chondral defects of the knee.
§ Advantages include the ability to restore bone stock and transplant viable chondrocytes within mature hyaline cartilage. 15, 16, 18, 25, 26, 29 Because chondrocyte viability directly correlates with clinical success, [8] [9] [10] [11] 17, 19, [24] [25] [26] [27] [28] [29] graft incorporation while preserving chondrocyte viability is important. [2] [3] [4] [5] 7, 13, 20, 21, 32 Gross et al 15 examined the histologic features of 35 fresh OCA plugs retrieved at the time of subsequent graft revision, osteotomy, or total knee arthroplasty. The authors found that features of early graft failure included lack of chondrocyte viability and loss of matrix cationic staining. Conversely, factors associated with long-term allograft survival included viable chondrocytes, functional preservation of matrix, and complete replacement of the graft bone with the host bone. 15 Borazjani et al 1 grafts had significantly increased cell death on the superficial 500 mm by 21% at 1 hour and 47% at 48 hours and at deeper layers within the cartilage at 48 hours. The data suggested that insertion impact of osteochondral grafts generates damaging loads that cause chondrocyte death. However, how impaction force varies with OCA plug size is not currently known.
Because OCA grafts are matched per the patient's specific clinical requirements, there is a critical need to determine how graft size influences impaction force requirements and subsequent chondrocyte viability. The purpose of this study was to characterize the amount of applied force required to transplant different-size OCA grafts into osteochondral defects of the knee and determine the relationship with chondrocyte viability. Our hypothesis was that larger-size grafts would require greater force, with a corresponding reduction in chondrocyte viability.
METHODS

Impaction Force
Sixteen fresh-frozen human cadaveric femurs were donated from the Musculoskeletal Transplant Foundation. Tissue was processed per the biosafety protocol of the Wisconsin Institute for Medical Research at the University of Wisconsin-Madison. Forty-four OCA grafts (11 per group) were collected from 13 femurs (3 femurs were excluded because of small size).
To determine bone density, each femur was subjected to a computed tomography scan before testing (GE HD 750: helical high-resolution mode at 0.5-second rotation; 40-mm detector coverage with 0.516 pitch, 20.62 speed, 1.25 thickness, 0.625 interval kV, 120 mA, 400 HD; bone kernel: 2000/ 350 width/level). Density of each femur was recorded as Hounsfield units. An average of 3 measurements represented the mean density of each distal femur. The images were standardized on the axial cuts by identifying the level of the distal femur where the popliteal fossa was deepest, corresponding to the approximate level of subchondral bone involved in chondral defects. The 3 measurements included the trochlea, centered above the notch at the midline of the femur, and the medial and lateral condyles centered at the level of the epicondylar axis ( Figure 1 ).
Osteochondral grafts were harvested and inserted with the ACT system (Allograft Cartilage Transplant; Musculoskeletal Transplant Foundation Sports Medicine). To control for density, the same femur was used as both donor and recipient, with the lateral femoral condyle as donor and the medial femoral condyle as recipient ( Figure 2) .
The procedure followed the ACT technique guide (ConMed ACT Allograft Cartilage Transplant Instruments). The appropriate lesion gauge was used to ensure adequate room for transplant on the receipt site. A guide pin was then placed through the lesion gauge, and the cartilage was marked at 12, 4, and 8 o'clock. The appropriate lesion reamer was advanced over the guide pin to the desired depth during irrigation. The depth gauge was placed into the reamed hole to ensure appropriate depths at the 12-, 4-, and 8-o'clock positions. The donor was placed in the GraftStation with the appropriate bushing. The lesion gauge was used to optimize the fit, at which point the clamping mechanism was locked. The 12-o'clock position was marked. A power reamer advanced the appropriate GraftMaker instrument to the desired depth during irrigation. A sagittal saw was used laterally below the maximum desired depth. The allograft donor was removed from the GraftStation and released. The donor allograft was placed into the GraftForceps and cut to the desired depth with a microsagittal saw. The graft bone was chamfered with the chamfer tool. The recipient site was dilated with the appropriate dilator. The graft was then placed into the reamed hole matching the 12-o'clock position and fit in with finger pressure. The appropriate tamp was then placed flush with the allograft plug, and the mallet was used to seat the graft.
Force data were captured with an instrumented piezoelectric mallet (model 086D05, modally tuned impulse hammer: 0-5000 lbf, 1 mV/lbf; PCB Piezotronics) connected to a signal conditioning unit (model 482C series; PCB Piezotronics) and a data acquisition unit (model cDAQ-9171; USB). Output was recorded with a custom LabVIEW graphical user interface (2015 Standard Service Program; National Instruments). A custom LabVIEW peak-picking algorithm was created to capture the peak force and raw voltage data. Data from the mallet were exported into Microsoft Excel for postprocessing.
Four different-size OCA grafts-diameters of 15 mm and 25 mm and depths of 5 mm and 10 mm-were tested (Appendix Figures A1, A2; available in the online version of this article). The total number of impacts and the average, maximum, and total cumulative force were recorded for each OCA graft and reported in newtons.
Priori Power Analysis
From Borazjani et al, 1 the insertion of a graft sized 15 3 10 mm took a mean (SD) 10 (4) impacts with a force of 2.4 (0.9) kN. Therefore, the total force was approximately 24 (9) kN. If the assumption is that an average total force for 15 3 5 mm will be one-third less (16 [6] ) than the total expected force for 15 3 10 mm, that 25 3 5 mm will be the same (24 [9] ), and that 25 3 10 mm will be one-third more (32 [12] ), a total of 40 grafts (10 per group) would be needed to achieve 88% power with an analysis of variance (ANOVA) test having a 5% significance level.
Analysis Methods
Differences among the 4 plug conditions were assessed with repeated measures ANOVA accounting for multiple measures within each femur while controlling for density of the femur. P values were adjusted with the Tukey test for a family of 4 means. Linear regression modeled total force and number of impacts while controlling for clinically important covariates. Linear regression assumptions were assessed. A P value \.05 was considered statistically significant. Statistical analysis was performed with RStudio (v 1.0.143; RStudio, Inc).
Chondrocyte Viability. To determine the relationship of graft size and chondrocyte viability, fresh osteochondral tissue was used. Fresh tissue was obtained as surgical waste from patients undergoing total knee replacement. This model has been validated in previous studies. 22 Fresh osteochondral tissue was subjected to 2250 N, 4450 N, 6670 N, and 8900 N. Three biological replicates were used for each category. Force was standardized with a custom weight drop system with polyvinyl chloride piping and tungsten weights. With a tungsten weight of known mass, the height was calculated from which it would need to be dropped to apply the desired force. This calculation was then verified with a force simulator platform.
This platform was constructed with a flat strike surface and an attached cylindrical piston, with conformal polyethylene bushing to guide it. The force sensor and polyethylene bushing were mounted to a metal baseplate attached to a ball-and-socket mount, which allowed for positional adjustment in 3 planes. The same piezoelectric force sensor and data acquisition methods discussed previously were used.
Chondrocyte viability was determined with confocal laser microscopy (Nikon A1RS Confocal Microscope; Optical Imaging Core, University of Wisconsin-Madison) and live/dead staining assay (catalog No. L3224, LIVE/DEAD Viability/Cytotoxicity Kit for Mammalian Cells: calcein AM and ethidium homodimer-1 [EthD-1]; ThermoFisher Scientific). The live/dead reagent stock solution was warmed to room temperature. A 4mM EthD-1 solution was made by adding 20 mL of 2mM EthD-1 stock solution (component B) to 10 mL of sterile tissue culture-grade phosphate-buffered saline. This was vortexed to ensure thorough mixing. The working solution was then made by adding 5 mL of the supplied 4mM calcein AM stock solution (component A) to the 10 mL of EthD-1 solution.
Osteochondral tissue samples were cut to a width of 1.0 mm with a low-speed saw (Buehler; Isomet 2000) and incubated in the working solution for 15 minutes. Tissue was then placed on a coverslip and evaluated by confocal laser microscopy. Images captured included fluorescein, tetramethylrhodamine, and red-green-blue channels. Cell counts were determined with Fiji (https://figi.sc). 30 Images were first captured for each channel and then counted with the automated counting of single color images and exported into Microsoft Excel. The live cell counts (fluorescein) were divided by the dead cell counts (tetramethylrhodamine) to calculate the percentage of chondrocyte viability.
Before mechanical impaction, the chondrocyte viability was determined to ensure live cells, and this also served as control. The fresh osteochondral tissue was then subjected to mechanical force with the force simulator platform as described. Because fresh osteochondral tissue was limited, the most parsimonious groupings were determined to accurately capture clinically important measures as determined by the impaction analysis.
Analysis Methods. Methods for the analysis of the viability data included conducting repeated measures ANOVA with viability as the outcome; with force (low, medium, high, or maximum), condition (control or experimental), and their interaction as fixed effects; and with bone as a random effect. P values were adjusted with the Tukey test for 4 comparisons. A P value \.05 was considered statistically significant. Statistical analysis was performed with RStudio (v 1.0.143; RStudio, Inc). Table 1 presents a summary of the descriptive data.
The small-diameter (15 mm), large-depth (10 mm) graft was associated with the largest total force (mean 6 SE: 6953 6 6797 N). There were no differences in the maximum force or average force among any of the grafts, indicating uniform impacts within and among graft sizes (Tables 2 and 3) .
Cumulative insertion force (total force) varied among the 4 groups. There was a clear trend toward increased force required with deeper grafts, with a near-significant difference between 25 3 10-mm grafts (4459 N; 95% CI, 2716-7321 N) and 15 3 5-mm grafts (1991 N; 95% CI, 1213-3268 N) (P = .051) and with significantly more cumulative force in the 15 3 10-mm grafts (4931 N; 95% CI, 3004-8095 N) than in the 15 3 5-mm grafts (P = .022) (Figure 3) .
The number of impacts demonstrated a clear trend toward increasing number as graph depth increased. There was a significantly greater number of impacts between 25-mm diameter 3 10-mm deep (26.2; 95% CI, 18.2-37.8) and 15-mm diameter 3 5-mm deep (13.1; 95% CI, 9.1-18.9) (P = .018), as well as 15-mm diameter 3 10-mm deep (26.1; 95% CI, 18.1-37.6) and 15-mm diameter 3 5-mm deep (P = .018) (Figure 4) .
Both the number of impacts and the cumulative force were significantly greater for plugs 10 mm deep than 5 mm deep, when controlling for diameter. The geometric mean cumulative force for 5-mm-deep grafts was 2128 N (95% CI, 1467-3087 N), as opposed to 4689 N (95% CI, 3232-6803 N) for 10-mm-deep grafts (P = .001) ( Figure 5) .
Similarly, the geometric mean number of impacts for 5-mm-deep grafts was 14.2 (95% CI, 10.8-18.6), as opposed (Figure 6 ). Given the significance of depth on both total force and number of impacts, a mixed effect linear regression model was used to predict the relative change of total force and number of impacts with increasing graft depth. When controlling for density and diameter, total force increased an average of 17.1% for every 1-mm increase in graft depth (Table 4) .
Similarly, the number of impacts increased an average of 13.1% for every 1-mm increase in graft depth when controlling for density and diameter (Table 5) .
Mixed effect linear regression predicted total force and number of impacts for sizes between 5 mm and 10 mm deep by 1-mm increments (Table 6 ).
Cartilage Viability Analysis
All fresh grafts had chondrocyte viabilities .93% (93%-99%). To cover the clinically important range of impaction force, the control conditions were compared with the experimental conditions under low total force (2225 6 57 N), medium total force (4450 6 82 N), high total force (6670 6 144 N), and max total force (8900 6 125 N). The total force was achieved by repeatedly loading the graft at the mean force of 165 N. Qualitative data from confocal laser microscopy are shown in Figure 7 .
Chondrocyte viability was reduced from a mean (SD) 95% (4.6%) to 84% (9.2%) under low total force (2225 N), 93% (3.9%) to 66% (7.4%) under medium total force (4450 N), 99% (8.7%) to 55% (13.9%) under high total force (6670 N), and 94% (6.8%) to 56% (13.5%) under maximum total force (8900 N). The mean differences between the control and experimental conditions were as follows: for low total force, 20.10 (95% CI, 20.27 to 0.06; P = .176); for medium total force, 20.27 (95% CI, 20.43 to 20.11; P = .005); for high total force, 20.44 (95% CI, 20.61 to 20.28; P \ .001); and for maximum total force, 20.38 (95% CI, -0.54 to 20.22; P = .001). To ensure that grafts maintained chondrocyte viability .70%, total force \4450 N was required (Figure 8 ).
DISCUSSION
These data support our hypothesis that larger OCA graft size, specifically depth (thickness), is associated with greater force during insertion. There was a significant reduction in chondrocyte viability when the total force exceeded 4450 N. This total force was associated with average force requirements for grafts 10 mm thick. Moreover, only tissue subjected to total forces \4450 N consistently maintained chondrocyte viability .70%.
The average force per impact in the current study ranged from 148 to 189 N and is lower than that reported by Borazjani et al 1 but is similar to that reported by Kang et al. 18 Similarly, average cumulative force in this study ranged from 1993 to 4929 N, providing initial data regarding applied force during an osteochondral transplant surgical procedure. Based on these data, it is predicted that force requirements will increase linearly between clinically important graft depths (thicknesses). Controlling for important covariates, including density and graft size, the average total force of a 5-mm graft is expected to be approximately 2128 N, increasing 17.1% for every 1-mm increase in graft depth, to 4686 N for a 10-mm graft. Interestingly, this range of force was associated with chondrocyte viability between 84% and 66%, respectively. Given the data of Cook et al, 6 which suggest that .70% chondrocyte viability at the time of implantation is necessary for a successful outcome, preventing excessive force is likely to improve graft viability. Because total forces .4450 N were associated with a significant reduction in chondrocyte viability \70%, ways to limit traumatic forces across fresh OCA grafts are needed. Because increased depth requires a linear increase in force, chondrocyte viability is expected to decrease accordingly, potentially compromising graft viability. Although the ideal graft size has yet to be determined, graft depths \10 mm thick are suggested to maintain chondrocyte viability .70%. Furthermore, grafts that are 10 mm deep (thick) can be difficult to orient, owing to their long cylindrical shape. This is especially true of small-diameter grafts of large depths. These data suggest that although mean values are less than those associated with viabilities of .70%, larger total forces can be needed when graft orientation is difficult.
Although there are benefits to using deeper grafts, such as a larger bone surface area for incorporation, depth is associated with greater force requirements, which may contribute to a corresponding reduction in chondrocyte viability. Of course, the clinical concern of a graft that is too shallow is the lack of bone incorporation or instability. This is especially true when sclerotic bone is encountered during OCA surgery. Although further research is needed to determine how to reduce these requirements and optimize graft viability, one consideration is to trephinate the recipient bone with a small drill to gain a bleeding surface, allowing for a thinner OCA graft while attempting to preserve graft incorporation.
The primary strength of this study was the simulation of surgical technique and chondrocyte viability data. In contrast to previous laboratory studies that used different impaction devices and xenografts, our experiment utilized a surgical mallet and equipment used during OCA surgery. Moreover, 2 experienced sports fellowship-trained surgeons familiar with this procedure performed the transplantation in the same manner.
Despite the effort to simulate surgery in a controlled laboratory environment, this study was not without limitations. Primarily, fresh-frozen allografts were used, which might have different biomechanical properties as compared with fresh grafts. Furthermore, a single insertion handle was used during this experiment, and the requirements for OCA graft insertion may indeed vary with different interfaces. Moreover, variation in OCA systems and surgical technique may affect the force requirements-for example, undersizing the donor graft, thereby permitting greater finger pressure insertion before impaction and reducing cumulative force. Another limitation was that the viability experiments were not performed on the specimens used to gather the force data. Although ideal, this was not feasible owing to the availability of fresh grafts.
Further study is needed to fully characterize the association of important variables, including defect location, interface used for insertion, and adjacent graft placement. However, it is important for surgeons to be aware of the larger applied insertion force required for OCA grafts of greater depth, irrespective of diameter. Further data are needed with this model to improve the long-term viability of this procedure. It is likely important to determine how the number of subthreshold impacts and maximum applied force over a single impact affect graft viability within the range that occurs during surgery.
In summary, the current cumulative applied force data suggest that graft depth significantly influences force of impaction, with greater force associated with significant reduction in chondrocyte viability.
